We introduce a novel ultra-compact nanocapacitor of coherent phonons formed by high-finesse interference mirrors based on atomic-scale semiconductor metamaterials. Our molecular dynamics simulations show that the nanocapacitor stores THz monochromatic lattice waves, which can be used for phonon lasing -the emission of coherent phonons. Either one-or two-color phonon lasing can be realized depending on the geometry of the nanodevice. The two color regimes of the capacitor originates from the distinct transmittance dependance on the phonon wave packet incident angle for the two phonon polarizations at their respective resonances. Phonon nanocapacitor can be charged by cooling the sample equilibrated at room temperature or by the pump-probe technique. The nanocapacitor can be discharged by applying tunable reversible strain, resulting in the emission of coherent THz acoustic beams.
Phonons, quanta of lattice waves, having significantly shorter wavelengths than photons at the same frequency, may enable us to pursue improved resolution in tomographic, ultrasonic and other imaging techniques using focused sound waves. In particular, the terahertz (THz) phonons that have wavelengths comparable to the lattice constants would allow us to detect microscopic structure of the material up to the atomic scale with high precision.
To this end, coherent phonons are urgently desired. Coherent lattice waves have been studied in semiconductor superlattices [1] [2] [3] [4] , optomechanical systems [5] [6] [7] and electromechanical resonators [8] [9] [10] . Coherent phonon manipulations for energy transport in dynamical nanosystems has been an emerging focus of research [12] . The development of nanophononic devices which enable controllabe generation and coherent emission of phonons has recently emerged as the subject of intense interest [1-3, 5-7, 10, 13, 14] . Conventional sources of sound waves, such as piezoelectric transducers, fail to operate efficiently above a few tens of gigahertz (GHz). The highest emitted-phonon frequency was achieved in a semiconductor superlattice under electrical bias in which half-THz coherent phonons were released during electrons tunneling through the quantum wells [3] . Similar coherent phonon emission was also observed in hybrid optomechanical schemes in which optically pumped microcavities produce stimulated acoustic emission in the range of MHz [6] and GHz [13] . An entirely mechanical phonon laser at sub-MHz was achieved in an electromechanical resonator [8, 9] in analogy with a three-level laser scheme [10] . For these systems, the need for strong optical pumping or complex actuator tuning may limit the development of phonon lasers because unavoidable compromises have to be made in the design scheme.
In this Letter, we introduce a three-dimensional (3D) phonon nanocapacitor based on atomic-scale semiconductor metamaterials. The nanocapacitor allows for generation of THz coherent phonons with an ultra-high monochromatic quality by an adiabatic cooling of the nanodevice or by the pump-probe optical technique [1, 2] . We show that the nanocavity structure formed by high-finesse phonon interference mirrors (PIMs) can efficiently store a large number of coherent out-of-equilibrium phonons. The nanocapacitor can emit coherent THz phonon beams upon application of tunable reversible strain. Such emission can be considered as "phonon lasing". Either one-or two-color phonon lasing can be realized depending on the geometry of the nanodevice, in contrast to the usual one-color photon lasing. The achievement of generation and emission of coherent THz lattice waves will provide an essential step towards active hypersound devices and nanophononic applications of THz acoustics, including surgery with focused ultra-and hyper-sound in medicine [11] .
A detailed atomistic presentation of the phonon capacitor is depicted in Fig. 1(a) . The capacitor consists of two PIMs separated by a spacer made of bulk silicon (Si). The PIM is composed of an atomic-scale metafilm: an internal atomic plane in Si lattice embedded with segregated Germanium (Ge) impurities atoms, as shown in Fig. 1(a) . The assisted laser Molecular Beam Epitaxy (MBE) have achieved atomically sharp interfaces in a superlattice [18] and can hence provide a possible experimental implementation for our proposed nanocapacitor structure since this technique can reach the resolution of a single unit cell in the lattice. In the molecular dynamics (MD) simulations, the covalent Si:Si/Ge:Ge/Si:Ge interactions are modeled by the Stillinger-Weber (SW) potential [24] , which includes both two-and three-body potential terms. The SW potential has been widely used to study the thermal [25, 26] and mechanical [27] properties of Si and Ge materials for its best fit for experimental results. All the MD simulations were performed with LAMMPS [28] .
We first implement the charging of a phonon capacitor by cooling a sample equilibrated at room temperature by MD simulations. Two heat sinks are coupled to the capacitor on the two facets of the mirrors, as shown in Fig windowed Fourier transform to demonstrate that all phonon modes were excited. Then the temperature of the heat sinks was set to 0K to cool down the capacitor. Note that the switch-on of the heat sinks took only a few picoseconds, during which the phonons present in the capacitor had no time to escape, which corresponds to an "adiabatic cooling"
process [19] . The idealized assumption of absolute zero temperature is considered to clarify the physical mechanisms. In practice, liquid helium can be used for the heat sinks and Dewar flasks can be considered to prevent heat conduction and radiation from the free surfaces in experimental implementations of the phonon capacitor.
We have found that the nanocapacitor can function in two regimes: in a dual-mode regime and in a single-mode regime, depending on the aspect ratio of the capacitor p defined as
For a quasi-one-dimensional capacitor with small aspect ratio p ≈ 1/4, after t = 5ns of cooling we notice a concentration of phonon energy at the frequencies ω 1 = 3.5THz and ω 2 = 6.31THz, which corresponds to the dual-mode regime with the storage of both transverse and longitudinal coherent lattice waves. The spectral energy for all phonon modes in the capacitor has decayed by over two orders of magnitude except for the two modes, as shown in Fig. 2(a) and (c). By a cooling duration of t = 100ns, which is very long for an atomic system, the coherent phonon peak intensity at ω 1,2 shows a decrease of only 10% as t = 5ns while all the other phonon modes have practically escaped the capacitor. This high monochromatic quality makes the capacitor an ideal candidate for a coherent phonon source -phonon laser [3, 4, 6, 13] .
The single-mode regime was achieved in a three-dimensional capacitor with p ≈ 1: after the same cooling process, only the longitudinal mode at ω 2 = 6.31THz is stored, as shown in Fig. 2(b) and (d). The equivalent temperature T c of the non-equilibrium phonons in the capacitor can be estimated as T c = ω 2 /k B = 303K ≫ T e , where is the reduced Planck constant, k B is the Boltzmann constant and T e is the surrounding temperature. Since the capacitor phonons are in a single-mode state, the phonon number n C and the total elastic lattice energy E el satisfies E el = ω 2 (n C +
2
). We thus obtain a phonon number n C ≈ 57, 000
with E el = 77.8eV stored in the present capacitor. In the limit of n C ≫ 1, n C and ω 2 play, respectively, the role of the effective charge and potential of the phonon nanocapacitor. For a sufficient large phonon number n C , the classical equations of motion are valid for ensemble averaging in the semiclassical limit [20, 21] .
The confinement of the phonon modes at ω 1,2 , stored in the capacitor, results from the two-path phonon destructive interference in the mirrors [15] [16] [17] . Ge atoms in the planar defect in the PIM force phonons to propagate through two paths: through unperturbed (matrix) and perturbed (defect) interatomic bonds. The resulting phonon interference yields transmission antiresonance (zero-transmission dip) in the spectrum of THz phonons. By MD-based phonon wave-packet (WP) method [17] , we calculated the energy transmission coefficient α(ω, k) for the Si:Ge interference mirror, for transverse and longitudinal waves.
To compute α(ω, k), we excited a 3D Gaussian wave packet centered at the wave vector k in the reciprocal space and at r 0 in the real space. The WP generation was performed by assigning the displacement for the atom i:
where A is the wave amplitude, ǫ(k) the phonon polarization vector, ξ the spatial extent (coherence length) of the wave packet, and ω the eigenfrequency for the wave-vector k of a single branch of the phonon dispersion curve. The phonon transmission coefficient α(ω, k)
is defined as the ratio between the energy carried by the transmitted and initial wave packet for a given phonon mode (ω, k). The transmission α wp (ω) of a WP with a short ξ ∼ λ c (∆ω ∼ ω c ) is given by the convolution:
where e −ω 2 /2∆ω 2 is a Gaussian WP with ∆ω FWHM, and α pw is the transmission coefficient for plane waves. We have confirmed that the capacitor phonon modes correspond to the antiresonance modes of the PIM, as shown in Fig. 3(a) and (b) . Therefore, the phonons in the capacitor initially excited by external thermal or optical pumping will experience spectral narrowing and concentrate to the transverse and longitudinal modes, at ω 1 and ω 2 respectively, since the interference mirrors totally reflect the antiresonance-mode phonons but allow the other phonons to transmit. The two-color regime of the capacitor originates from the distinct dependance of the transmission coefficient α(ω, θ, k) on the WP incident angle θ for the two phonon polarizations k, at their respective resonances ω = ω 1 , ω 2 , as shown in Fig. 3(c) . By modeling the oblique incidence of the WP (with θ < π 2 ), we found that, for the same θ, α T (ω 2 , θ) > α L (ω 1 , θ), indicating that the resonant transverse phonon has a higher transmittance than the longitudinal counterpart through the mirror. Therefore, for a large aspect ratio (p ≈ 1), the transverse modes with relatively large incident angles are more susceptible to transmit through the mirrors. Hence after the cooling process, only the longitudinal modes remain in the capacitor. While for a small aspect ratio, both the transverse and longitudinal resonance modes can be confined.
The confining effect of an acoustic mode could also be found in a sub-THz acoustic nanocavity [1, 14] composed from a spacer held between two Bragg reflectors (BRs). The defect mode in the nanocavity corresponds to a Fabry-Pérot (FP) resonance in an inhibited background of the BR's acoustic bandgap [2] . This FP mode can give rise to a total transmission peak lying inside the wide phonon bandgap [14] , which can be identified as "resonance tunneling". While the frequency of the FP mode inside the bandgap is well defined, its wavevector k is a complex number, making it difficult to define the wavelength λ of the evanescent cavity mode. The nanocapacitor phonons are, in contrast, well defined with the wavevector in the phonon passband thus enabling coherent phonon emission from the capacitor. The BRs are composed of superlattices while interference mirrors in the phonon capacitor require only single atomic planes, which enables potential realization of the ultra-compact nanophononic devices. To understand better the generation mechanism of the phonon capacitor, we investigated the vibrational dynamics in the nanocapacitor under a local excitation in the form of a phonon WP (see Supplementary Material). We demonstrate through the mapping of the atomic kinetic energy E k in the capacitor, shown in Fig. 4 the phonon capacitor, and the considered WP excitation mimics this technique.
We now turn to the controllable emission of the coherent phonons in the capacitor. Figure 5 shows the shift of the interference antiresonance spectral loci for transverse and longitudinal phonons caused by the uniaxial strain ǫ, applied in the 100 direction to the phonon capacitor. The strain produces the change in the local force constants between Ge and Si atoms in the mirrors, which shifts the antiresonance frequencies ω 1,2 of the nanocapacitor, according to the value of the Grüneisen parameter of Si. Through such a mechanism, we are able to emit coherent phonons and therefore discharge the capacitor by applying tun- able reversible stress at the tips of the device (and the applied strain can be rather small, ǫ = 1%, see Supplementary Material). The stored phonons are emitted from the capacitor with the group velocity v g (ω, k) = ∂ω/∂k of the phonon mode. Once the external stress is released, the phonon emission is switched off due to the recovery of the capacitor mirrors back to the original antiresonance frequencies. Therefore, the directional and coherent phonon emission from the nanocapacitor, which can be considered as "phonon lasing" [10, 22] , is flexibly switched by the external stress. According to figure 2, the two-color phonon lasing of both transverse and longitudinal coherent lattice waves can be realized with the dual-mode nanocapacitor. The swift switching of the nanocapacitor enables promising applications in phonon computing [12] and nanoscale memories [23] .
In conclusion, we introduce a novel ultra-compact nanocapacitor of coherent phonons formed by high-finesse interference mirrors based on atomic-scale semiconductor metamaterials. Through MD simulations we show that the nanocapacitor stores THz monochromatic lattice waves, which can be used for phonon lasing -the emission of coherent phonons.
Either one-or two-color phonon lasing can be realized depending on the geometry of the nanodevice. Phonon nanocapacitor can be charged by cooling the sample equilibrated at room temperature or by the pump-probe technique. The nanocapacitor can be discharged by applying tunable reversible strain, resulting in the emission of coherent THz acoustic
